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ABSTRACT:

A two-dimensional and three-dimensional computational study has been carried
out respectively regarding aerodynamic forces affecting a symmetric airfoil, NACA0015
and a cambered airfoil, NACA2414. The negative lift (down force) and drag forces were
predicted through the simulation of airflows over inverted rear-wings in different
configurations namely; varying incidences i.e. angles of attack of the airfoils -two
dimensional cross-section of the inverted rear wings to be mounted on back of a car- and
varying speeds of initial airflow.
The downforce increases as the angle of attack increases however, if an inverted
rear wing is fixed on a car at high angle of attacks the rear-wing starts to stall which is
not a desired condition affecting the vehicle stability. Furthermore, the camberness added
to the airfoil increased the downforce, which contributes more to the stability concept of
the automobile.
Consequently, three dimensional simulations have evaluated effects of the 3-D
features of the airflow over the rear-wings of a road car. The features are tip vortices
along the upper edge, the lower edge and at the tip in addition to the sheet vortex along
the trailing edge. The visualizations of the vortex vectors and streamlines explicitly
depicted the features. The contour and the 2-D plots of the pressure distribution over the
inverted rear-wings, set at angle of attack of 4o illustrated the effects of the airflow
features. The tip vortices and the vortex sheets decrease the downforce.
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1. INTRODUCTION:
Aerodynamics of inverted rearwings of race and road cars has been a major
concern in automobile industry due to the need to increase of efficiency of gasoline
consumption while increasing the vehicle safety and stability. Therefore, design concepts
of airfoils need further attention in order to develop more efficient and more stable
automobiles. In inverted wing concept, researchers conduct computational studies
regarding downforce (negative lift) and drag forces which affect the design of symmetric
or cambered (anti-symmetric) rearwings, mostly two-dimensional and three-dimensional
models.
Computational investigations of both double-element and single-element inverted
wings in ground effect, for instance, have been numerically conducted by Mahon and
Zhang in different studies referred to in [1] and [2] respectively. The comparison among
six turbulence models was carried out and the outcomes quantitatively obtained while
indicating that the k-ε model provided the best predictions of the surface pressure and the
wake entities for the downstream airflow domain. For the study of the height clearance
effect of an Inverted Double-Element Airfoil [1], nevertheless the same authors indicated
that when analyzing the pressure and wake characteristics of a single-element airfoil for
ground effects, the k-ω SST provides better predictions of the surface pressure, while the
realizable k-ε better predicts the wake flow field at variety of ride heights of the same
single-element airfoil. Kieffer et-al [3] conducted a numerical investigation utilizing k-ε
model to provide negative lift and drag coefficients plots along with pressure coefficients
plots and velocity contours, at different heights and different angle of attacks for a 2D

cross section of a front wing. The research indicated the stall condition in high angle of
attack (12° and 16°) complying with the experimental validation for Formula Mazda race
car. Ranzenbach et-al [4] numerically simulated 2D cambered airfoil NACA 4412 in two
sets of boundary conditions, no-slip wind tunnel and road conditions, where the ground
and free-stream flow were moving. [4] introduced and discussed the force reversal
phenomena and provided a comparison to symmetrical airfoil NACA 0015. Also, the
preliminary study in [5] for a symmetric NACA0015 airfoil conducted a comparison
using experimental data to validate the computational results for the same set of boundary
conditions as those described in [4]. The entity that shall be perceived in this research is
symmetricalness and whether there exists any contribution of asymmetric inverted
rearwing to the road car on which it is to be mounted. This work shall carry out an
investigation utilizing proper turbulence models.
Furthermore, in order to computationally investigate both symmetric and
asymmetric airfoil models, NACA 0015 symmetric and NACA 2414 asymmetric 2D
airfoils were utilized. Also after the study will conduct 2D simulations, it shall be
followed by 3D simulations for the inverted rear wing profiles to investigate some of the
entities of 3D airflow such as tip vortices that occur about the tips of the inverted rear
wings. As computational fluid dynamics methods, the Reynolds Averaged Navier-Stokes
Equations (RANS), one equation Spallart-Allmaras, and the two-equation k-ε turbulence
models derived from RANS will be employed in this research. Subsonic flow will be
taken into account with low baseline Reynolds number which is based on the chord
length of 2.01x106 in both cases since any automobile has speed which is way lower
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compared to the sound of speed. Boundary layers of the airfoils are meshed with
structured grids and rest of the computational domain is meshed with unstructured
tridiagonal cells in order to lessen the time to compute. The free airflow velocities are set
at 30, 35, 40, 45 and 50 m/s as most of the road cars generally possess for the inverted
rearwings set at angles of attack of 0 and 4 degrees and the free-stream velocity is also set
at 30 m/s for the inverted rearwings set at the higher levels of angles of attack of 8, 12,
and 16 degrees in order to illustrate the stall condition occurring at high level AoAs.
Second order accurate upwinding scheme and SIMPLE algorithm are utilized to
descritize the Navier-Stokes equations to approach the solution on a commercial
simulation software, Fluent 6.3.26.
The significant properties of the airflow over the 2D airfoils shall be captured to
obtain qualitative results so that pressure and velocity contours are investigated in regard
to the airflow in the upstream and downstream domains, moreover, the pressure
coefficient values along the airfoils’ top and bottom edges from the leading edges
through the trailing edges of both the symmetric and the cambered airfoils. The distances
of computational domains are determined as corresponding to the values used by Kieffer
et-al in [3]. The solver selected on Fluent was pressure based in order to gain pressure
coefficient versus position plots, in addition to other entities regarding the scheme of the
solver which are chosen to be implicit and steady flow.
Some features would not have been captured without the three dimensional
simulation. Vortex sheets and tip vortices are two of these features of the airflow over the
inverted rear-wing. These features and their effects on the results from both anti-
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symmetric and symmetric rearwings are to be precisely depicted using some contour
plots for pressure and velocity distributions and streamlines visualizations, in addition to
the vortex vectors and the velocity vector distribution as well as plots for pressure versus
chord length. The plots have been obtained from commercial airflow simulation software,
CosmoFloWorks.

2. LITERATURE REVIEW
2.1. REARWINGS ON AUTOMOBILES
Wings had been solely and sufficiently used on airplanes by the time middle of
the 20th century; the time when car designers adopted the wings to utilize them on their
car designs on optimization purposes, the application of a wing is inherently different
from that of an airplane though. Especially, the fact that front wings are too close to the
ground, which is commonly known as the ground effect has been one of the major
concerns and motivations to have the front wings investigated experimentally and
computationally in different ride heights by many researchers and designers for several
decades. Another significant difference is generation of downforce which is reverse of lift
force therefore the wings were designed for an automobile classifying them as inverted
wings. Additionally, the aspect ratio (span/chord length) should be smaller for cars in
comparison to that of airplane wings. Having smaller aspect ratio results in higher drag
but beside the fact that the drag increases, the benefit is delaying the stall that is the
sudden drop of downforce . This disadvantage of the increase of the drag can be
eliminated by using endplates [13].
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Same design strategies and physical phenomena used to refine the design of a
wing aerodynamically can be also utilized for inverted wings as being employed in this
study for an investigation of the symmetric and the cambered inverted rear wings on a
road car.. The phenomena are namely flow separation, vortices, boundary layers and so
forth.
2.1.1 Boundary Layer:
velocity
locity profile of a viscous flow over a flat plate.
The Figure 2.1 illustrates the ve
The relative velocity of very small particles on the flat plate is zero with respect to the
velocity of the plate. As rising away from the plate into the freestream airflow, the
particles become independent
nt from the viscous effects. The
he velocity of the particles in a
certain distance from the flat plate possess
possesses the freestream velocity V∞.

Figure 2.1 : Velocity distribution near a flat plate in a free stream from [14]
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The distance where the fluid particles become independent from the viscous
effects draws a fictitious layer which is called a boundary layer. The boundary layer
along the plate possesses three regions depicted in the Figure 2.2. as; 1- Laminar 22
Transition and 3- Turbulent. The sublayer which has laminar features in the turbulent
region of the boundary layer appears in advance.

Figure 2.2. Transition of boundary layer along a flat plate. [14]

2.1.2 Adverse Pressure Gradient:
The simplest definition of a viscous flow is so called Coutte flow and to be
employed to explain one of the important aerodynamic phenomena which plays a
significant role on airfoils. The flow is basically assumed to be fully-developed,
developed,
incompressible, laminar and 22-D Newtonian. Airflow over a circular
rcular body is depicted by
the Figure 2.3. The mass flow rate between two streamlines is always zero. Since the
flow is forced to go from a region with high pressure to another with low pressure, in this
example, the pressure gradient needs to be negati
negative
ve for the flow to be in positive X
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direction. Only the pressure gradient and the shearing stress ( τ = µ
Ψ

∂ 2u
for laminar flow)
∂y 2

play roles in the governing equations, namely the Navier-Stokes equations which are
further simplified by the use of all the assumptions above. Due to the sign convention of
the pressure gradient, negative value of the pressure gradient assists the flow in the
positive X direction. If the pressure gradient is higher than zero, it forces the flow to go
backward through the negative X direction, which results in velocity decrease. Therefore,
if the value of pressure gradient is larger than zero then it is called adverse effect and the
gradient is adverse pressure gradient. This phenomenon also results in separation of the
flow streamlines from the surface of the body over which the fluid passes. Also, the
velocity profile significantly changes in the separated flow region of the downstream.
Negative values of the velocity appear (Figure 2.4) in the zone of the velocity profile
which is closer to the surface.

∂P
<0
∂x

∂P
>0
∂x

y

x

Ψ=0

Figure 2.3: Illustration of the pressure gradients and streamlines of a flow over a circle.
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Seperation point

r
V

Figure 2.4 : Illustration of the effect of adverse pressure gradient on velocity profile

2.1.3. Airfoils:
The streamlines of airflow over an airfoil is indicated in the Figure 2.5. The
attached flow, according to the figure, may be defined as the flow when the streamlines
near the solid surface go exactly along with the shape of the foil’s surface; otherwise the
flow is called separated flow.

Chord length
Trailing edge
Leading edge
Upper camber
Lower camber

Streamlines
Figure 2.5 Streamlines in a steady flow over a cambered airfoil.
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Chord: A fictitious straight line from the leading edge (the most forward edge) of the
airfoil to the trailing edge (the most backward edge) of the airfoil.
Camber: The anti-symmetry (maximum distance) between the upper and the lower
surface of an airfoil.
Chord length: The distance between the trailing edge and the most front point on the
leading edge where the chord intersects the leading edge.
2.1.3.a NACA Airfoils
The National Advisory Committee for Aeronoutics (NACA) suggested airfoil
figures for aircraft wings. These airfoils are mostly coded by four digit numbers

Four Digit Series of NACA
The NACA four-digit wing profiles are defined by the following definitions of the
codes.
-

One digit defining the maximum distance between the upper and the lower edges
(camber) as percentage of the chord.

-

One digit defining the distance of maximum camber from the leading edge in tens
of percentage of the chord.

-

Two digits defining maximum thickness of the airfoil as percentage of the chord.
For instance, the NACA 0015 is symmetric because the first two digits defines no

camber and the NACA 2414 is a cambered airfoil which has a maximum camber 2%
located at 40% (0.4 chords) from the leading edge with a maximum thickness of 14% of
the chord.
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2.1.4. Effects of Airfoils Geometry:
In the 2-D CFD simulation portion of this report, some of the results obtained
investigated how effective is the geometry of the airfoils on the velocity and the pressure
distributions over a symmetric inverted airfoil and a cambered inverted airfoil. The
similar results regarding the geometry of an upward airfoil was obtained by Katz [16] and
shown in his book. Herein the results for an upward wing are to be discussed to highlight
the 2-D simulation work that has been done for an inverted rearwing.

Figure 2.6 Pressure distributions over symmetric and cambered airfoils. [16]

The pressure distribution shown on the left hand side of the Figure 2.6 belongs to
a symmetric airfoil at an incidence α. The upward arrows indicate that the pressure
magnitude on the both top and the bottom surfaces are different while the directions of
the pressure distributions are the same. The top surfaces of the airfoils are called suction
side as the bottom surfaces are called pressure side due to the larger upward pressure

10

magnitude on the upper side in comparison to that of the lower surface. The difference in
pressure distribution magnitude on the cambered airfoil depicted on the right hand side of
the same figure is larger than that of the symmetric one due to the camber geometry
added on the symmetric airfoil.

Figure 2.7 Effect of camber on an airfoil’s lift coefficient [16].

The variety in the pressure distribution over the symmetric airfoil generates lift
force because of the angle of attack. If it had zero angle of attack, there would be no lift
force generated due to the symmetry. However, this evidence does not apply for the
cambered airfoil so that cambered airfoils generate lift force even at zero angle of attack.
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The lift coefficient versus angle of attack for both cambered and symmetric airfoils is
shown in the Figure 2.5. The slope of the straight inclination is 2π.

Cl =

l
(1/ 2) ρV∞ c

Cl = 2πα

(2.1)

where;
c: The chord length
V∞ : The free stream velocity
ρ: The density of the air
Cl : The coefficient of lift
α : The angle of attack
π: 3.141592654

2.1.5. Three-Dimensional Aspects of the Wings:
Aspect Ratio:
Aspect Ratio may be defined as a measure of how wide a wing is compared to its
chord [16] mathematically defined as :

AR =

b2
S

(2.2)

where
S: The wing area and
b: The span
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c

b

Figure 2.8 Illustration of a wing with rectangular section. [16].

For a rectangular wing;
AR=b/c
where
c: chord

Tip Vortex:
The downforce cannot maintain similar values at inverted rearwing tips as that along its
span, also there will be a dramatic decrease in the downforce in the tips. The airflow
twists about the wing tips generating two strong vortices initiated by the shedding
streamlines nearby the tips. The flow structure along the tip crossection of the inverted
rearwing is dominated by vortices with rotational motion. The vortex spirally improves
into the wing wake. The vortex imposes some rate of strain which results in various
turbulence stress levels along the spiral wake structure.
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Figure 2.9. Contours of axial normal turbulence stress normalized on free stream velocity [17].

2.2. COMPUTATIONAL FLUID DYNAMICS
In order to understand the physical phenomena in terms of aerodynamic forces arisen
by an airfoil over which airflow crosses, researchers have used some methodologies to
acquire and analyze data. There exist some tools such as computational fluid dynamics
(CFD) and wind tunnels. CFD is a complementary tool along with wind tunnels. Wind
tunnels are utilized to validate the adequacy of the data acquired from CFD simulations
that solve the numerical governing fluid mechanics equations. These governing equations
are basically;
-

conservation of mass,

-

conservation of momentum (Navier-Stokes equations),

-

conservation of energy (The first law of thermodynamics), and

-

simplified boundary layer equations (coming up with the assumptions of initial
conditions and boundary conditions).
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In addition, advancements in computer hardware technology enable researchers to
develop new computational and numerical techniques, which also lead designers to come
up with novel designs through varying the geometry and flow conditions easily. The new
computational techniques aided by computer are namely;
-

finite difference,

-

finite volume, and

-

finite element methods.

The governing equations which are usually composed of partial differentials need to
be stated approximately, so that in the digital environment (can only cover analytical and
logical operations) the algebraic or analytical methods, just mentioned above, can be
utilized to approach the solution considering accuracy. However one should also
remember that the more accurate the computation of flow is and the more complex shape
the sample over which the air flow has, the more computer performance and the more
time and intelligence are necessary. In this particular research, the upwinding second
order accurate finite difference method and implicit algorithm were utilized by the
commercial software FLUENT 6.3.26.
Nevertheless computational fluid dynamics method has some shortcomings. One of
those is basically lack of distinguishing the boundaries, for example, in transition
between laminar and turbulent flow. It may be easier to explicitly distinguish flow
transition around corners of a simple shaped box but can be very complicated for the flow
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transition over a race car. Another shortcoming is that CFD method requires very high
performance-computer to numerically resolve the very complex Navier Stokes equations
and still might be very time-consuming process in comparison to wind tunnel [4].
The computational investigations have been done using turbulent modeling
through Reynolds averaged Navier-Stokes equations (RANS) to model the various
parameters such as wake length and vortices behind the rear-wing and different
influences of the air flow with different Reynolds numbers based on the chord of the
airfoils.
Turbulent modeling is a wide subject offering many kinds of models such as the
one-equation Spallart-Allmaras model, the standard k-ε model, the k-ω SST model, the
k-ε RNG model, the realizable k-ε model, and the standard k-ω model [1]. The accuracy
and the compatibility of the results from each computational model with the
corresponding experiment results from another study conducted have been investigated in
order to validate the computational turbulence models.

2.2.1 Reynolds Averaged Navier Stokes (RANS) Equations

Approaching the precise solution for a turbulence feature at every single time
requires very long computational process and high computing power. This is the main
reason why researchers prefer to compute the averaged properties of turbulent flow over
interval time, which is adequate in many cases. The flow properties (velocities, pressures,
and stresses) are overall symbolized by ϕ and time averaged properties (mean velocities,
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mean pressures, and mean stresses) by Φ and formalized. The ensemble average and the
fluctuation of the flow properties, ϕ ' ( t ) , that is function of time are superimposed so that
time averaged flow property is obtained as indicated below:

ϕ ( t ) = Φ+ϕ ' ( t )

(2.3)

Reynolds Averaged Navier Stokes (RANS) equations are derived from general Navier
Stokes Equations along with the statistical assumption above. Hence;

∂ ( ρU iU j )
∂xi

=−


∂P ∂  U
+
− ρ ui ' u j '
µ
∂x j ∂xi  ∂xi


(2.4)

whereas µ is the dynamic viscosity and ρ is the fluid density and assumed as a constant
while fluctuation of fluid density insignificantly shows up and possesses unimportant
effects on the flow up to around Mach number 3-5 [8]. Since in this particular case of the
research, as investigating subsonic flow over a car, i.e. much smaller than Mach number
1, the density does not importantly fluctuate, thus indeed the fluctuation is assumed as
zero and the density as a constant. The correlation between the density and both velocity
fluctuation components is named as Reynolds stress and is non-zero while two
fluctuations of the velocity components are statistically dependent on one another.
Therefore Reynolds stress term is an additional unknown and needs to be solved to obtain
the resolution of the RANS equations. Boussinesq’s assumption is suggested to relate the
Reynolds stress to constant turbulent viscosity by the following equation;

 ∂U ∂U j 2 ∂U k  2
− ρ ui ' u j ' = µt  i +
− δ ij
 − ρ kδij
 ∂x
 j ∂xi 3 ∂xk  3
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(2.5)

Where k represents the kinetic energy per unit mass and the equation below defines k as
the half of the production from the correlation between two velocity fluctuation
components;

k=

ui ' u j '
2

(2.6)

The mean flow features along with the effects of turbulent fluctuations averaged
out the turbulence through Reynolds stress − ρ ui ' u j ' . The various models have been
developed regarding turbulent flows employing RANS in the range from the oneequation turbulent models to Reynolds-stress model. RANS models enable users to
obtain sufficiently promising resolution rapidly and do not require too much power
consuming process. Therefore RANS equation is chosen for this particular inverted rearwing project and the methods are further discussed in the later sections.

2.2.2 Turbulence Modeling Methods

The resource in regard to an M.S. thesis needs to be acknowledged at this point
since Vu from Cranfield University had utilized the same one-equation Spallart-Allmaras
and the two equation standard k-ε turbulence models along with the Reynolds Stress
Model (RSM) in order to predict the coefficients of drag and lift (downforce)
corresponding to various clearance [9] (i.e. ride height which is defined as the distance
between the most bottom point of the lower edge of an inverted airfoil and the ground) of
a frontwing of a race car. The Reynolds stress model has been chosen in Vu’s research to
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precisely predict the results although the RSM requires more time and more powerful
hardware in contrast to being less robust. However the limitations in predicting the
performance for the case of highly turbulent flows, due to additional sources
accumulating additional forces in which Boussinesq’s assumption fails, the third
turbulence model, RSM, has been suggested by Vu to better simulate the vortices in the
downstream domain. Bousinessq’s assumption is defined in a referred book named
Computational Methods for Fluid Dynamics by Ferzeiger et al. [12] as the density of the
fluid is assumed to be a constant in the unsteady and convection terms of the N.S.
equations whereas the density does not vary largely if the temperature variation is small.

2.2.2.1 One-Equation Turbulence Models

In order to include the effects from history of flow and to predict wake length, a
transport equation is derived from Navier-Stokes equation. If one transport equation is
included in the model, it is called one-equation turbulence model and many kinds of oneequation turbulence models have been proposed over the past a few decades and one of
them shall be present in this section.
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2.2.2.1.a Spallart-Allmaras One-Equation Turbulence Model

Spallart-Allmaras depicts good agreement with experimental data and
improvement in prediction especially in subsonic flow since the model elaborates more
equation or the eddy-viscosity and more function describing the turbulence length scale
as David C. Wilcox postulated in Turbulence Modeling for CFD. Spalart-Allmaras
method is being used to evaluate a transport equation; therefore, firstly, the transport
equation is derived from Navier-Stokes equations in order to represent variety of physical
factors of turbulence in airflow such as viscidity, convection and dissipation throughout
the realm of turbulence.
Turbulence Kinetic Energy (TKE) equation, i.e. transport equation is shown
below;

∂U
1
∂
∂  ∂k  ∂
( ρUi k ) =  µ  +  p ' ui ' + ρ ui ' u j ' ui '  + ρ ui ' u j ' j + ρε
2
∂y
∂xi  ∂xi  ∂xi 
∂xi


(2.7)

or could be expressed as the following;

∂
∂
∂
( ρ k ) + ( ρu j k ) =
∂y
∂x j
∂x j


µt  ∂k 
 µ +   + Pk − ρε
σ k  ∂xi 


(2.8)

where; µt represents the eddy-viscosity which refers to the ratio between a turbulence
magnitude ( − ρ u ' v ' ) and a mean flow magnitude (

∂U ∂V
+
) although neither turbulence
∂y ∂x

entities k and l nor mean flow entities is pursued by µt and accordingly µ t = ρ k 1/ 2l in
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equilibrium flows [2]. Pk = − ρ ui ' u j '

∂u i
∂u i
term represents the production which is
= τ ij
∂x j
∂x j

rate of the average flow’s kinetic energy transfer to turbulence, herein the large size
exchange of momentum exists due to turbulence flow is represented by the term of
turbulence shear stress or so called Reynolds stress ( − ρ ui ' u j ' ) denoted by τ ij .

∂  µt ∂k 
∂  ∂k 

 term represents diffusion term,
µ
 term denotes the work by
∂x j  σ k ∂xi 
∂x j  ∂xi 
turbulence viscous stress whereas − ρε = −µ

∂ui ' ∂ui '
term refers to turbulence viscous
∂x j ∂x j

dissipation as each term of the equation refers to various physical aspects of turbulent
flow domain [8]
The governing equation of Spallart Allmaras turbulence model solving the
transport equation for the eddy viscosity related parameter υ was derived as nondimensionalized and in computational space. The nondimensional variables were
obtained from the following fractions;

t* =

tu∞
x
y
υ
µ
ρ
υ
k
, x * = , y* = , µ * =
, ρ* =
, υ* =
, υt * = t , k * = 2
L
L
L
µ∞
ρ∞
υ∞
υ∞
u ∞

k *2
L
*
ε = ε 3 , ReT = * *
υε
u∞
*

(2.9)

where the variables are defined as;
ReT: the turbulence Reynolds number
k: the turbulence kinetic energy
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ε: the dissipation of turbulence
υ: the kinematic viscosity
µ: the turbulence viscosity
ρ: the density of the fluid
and nondimensional form of the governing equation in Cartesian coordinate is
transformed into computational space using the transformation expressions below;
∂
∂
∂
= ξx
+ηx
∂x
∂ξ
∂η

(2.10)

∂
∂
∂
= ξy
+ηy
∂y
∂ξ
∂η

(2.11)
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2 ∂
2 ∂
= ξx
+ 2ξ xη x
+ ηx
+ ξx 
+
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∂
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(2.12)

As Hoffman et-al proposed in Ref [8], the transformation yields the following form of the
Spallart-Allmaras turbulence model governing equation in computational space;
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where

 ∂u
∂u
∂v
∂v 
S = ξ y
+η y
− ξx
−η x
∂η
∂ξ
∂η 
 ∂ξ

(2.14)

and the coefficients defined as the followings;

a4 = ξ x 2 + ξ y 2
b4 = η x 2 + η y 2
c5 = ξ xη x + ξ yη y
∂ξ
∂ξ
∂ξ x
∂ξ
+ηx x + ξ y y +η y y
∂ξ
∂η
∂ξ
∂η
∂η y
∂η y
∂η
∂η
g2 = ξ x x + ηx x + ξ y
+ηy
∂ξ
∂η
∂ξ
∂η
g1 = ξ x

(2.15)
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and the constants;

2
3
cb1 = 0.1355

σ=

cb 2 = 0.622
cw1 =

cb1

κ2

κ :Von Karman constant

+ (1 + cb 2 ) / σ

κ = 0.41

Since the governing equation is a semi-empirical equation, the constants are suggested
from experimental investigations.
The models need to be adjusted at different levels of flow such as from wallbounded to free-shear flows, i.e. flow over a trailing edge of an airfoil [2]; Therefore, the
more accommodating model to various kinds of flows is, the more universal model is,
particularly in this research, for separated flows over an airfoil, transport effects on the
turbulence length scale shall be taken into account. In order to achieve the universal
model, in the next section, a two equation model suggested by many publications as a
good representation of physical phenomena behind turbulent flows in general will be
discussed.

2.2.2.2 Two Equation Turbulence Model

Two equation turbulence models deal with more complex flow domains which
may cover multi-length scales, highly separated and unsteady flows in comparison with
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one, half, or zero equation turbulence models. Two equation turbulence models are

2
generally based upon Bousinessq approximation τ ij = 2µ Sij − ρ kδ ij
3

(2.16)

where;

τ ij : The Reynolds-stress tensor
S ij : The mean strain-rate tensor [2].

The main characteristic of this type of the model is to possess two transport
equations. These transport equations are so called the turbulent kinetic equation and the
dissipation rate equation that will be investigated in the section of the k-ε Two-Equation
Turbulence Model.

2.2.2.2.a The Standard k-ε Two-Equation Turbulence Model

The most popular approach among the two-equation turbulence models is k-ε
model according to the sources [7], [8], and [12]. Two partial differential equations
derived from Navier-Stokes equations are known as transport equations and further
employed to evaluate CFD problems regarding turbulent flow fields resulted from to
surface roughness, convection, and dissipation. In this section, turbulent kinetic equation
(TKE), as introduced in the section 2.1.2.1.a, and the dissipation rate equation are
introduced herein and employed by the model named k-ε Two-Equation Turbulence
Model. The model has been postulated to be worth being preferred for complex turbulent
flowfield due to its ability of computation of not only k (kinetic energy of turbulence) but
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also of turbulence length scale; therefore as a result the model was assumed to be a
complete model [7].
The turbulent kinetic equation in Cartesian coordinates with respect to two dimensional
flowfields is as the following;

 ∂k
µ ∂k  ∂ 
µ
∂k
∂k  ∂ 
+ u + v  =  ( µ + t )  +  µ + t
σ k ∂x  ∂y 
σk
∂x
∂y  ∂x 
 ∂t

ρ

 ∂k 
  + Pk − ρε
 ∂y 

(2.17)

where
Pk is the production of turbulence and Pk = τ ij ( ∂ui / ∂x j )

(2.18)

The dissipation rate equation in Cartesian coordinates in two dimension is;

 ∂ε
µ  ∂ε  ∂ 
µ  ∂ε 
∂ε
∂ε  ∂ 
ε
ε2
+ u + v  =  µ + t   +  µ + t   + cε 1Pk − cε 2 ρ
σ ε  dx  dy 
σ ε  dy 
dx
dy  dx 
k
k
 dt

ρ

(2.19)

where
the constants are

σk=1.0 σε=1.3

σε1=1.44

and µt is the turbulent viscosity and µt = ρ cµ
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k2

ε

σε2=1.92
in relation with ε and with cµ=0.09 [8]

3. TWO-DIMENSIONAL ASSESSMENT OF CAMBERED AND
SYMMETRIC AIRFOILS AT VARIOUS ANGLES OF ATTACK
AND SPEEDS: A CFD STUDY
3.1 GEOMETRIC FEATURES OF THE AIRFOILS AND
COMPUTATIONALDOMAINS ANDFLOW PROPERTIES:

(a)

(b)

Figure 3.1: Geometry of the airfoils (a) NACA2414 cambered airfoil (b) NACA0015 symmetric airfoil

The airfoils utilized in this study are NACA 2414 cambered (asymmetric) and
NACA0015 asymmetric airfoils and the point data files identifying the shape of the
airfoils are obtained from UIUC Airfoils Coordinates Database at the webpage link
http://www.ae.uiuc.edu/m-selig/ads/coord_database.html .
The chord of the both airfoils c is 1000 mm and the angle of attack determined is
0,4,8,12, and 16 degrees as the features of the airfoils are indicated in Figure 3.1. The
origin of the Cartesian coordinate system is located right in the most front point of the
leading edge of the airfoil. The structured mesh of boundary layer region and the
unstructured mesh are also demonstrated in the Figure 3.1.

27

The Reynolds number based on chord length is determined 2.01x106 along with
the baseline freestream velocity of 30 m/s in both cambered and symmetric cases.
(-1.75, 2.59)

(4, 2.59)

y

x

(-1.75, -2.59)

(4, 2.59)

Figure 3.2: Geometry of the computational domain for NACA0015 correspond the values from

In Figure 3.2, the x, y coordinate of the computational domain corners are given
corresponding to the values given by Kieffer et-al.
A velocity inlet boundary condition for the upstream boundary and an outlet vent
boundary condition for the downstream boundary are set at a uniform velocity profile of
30 m/s for the baseline simulation and the gauge pressure is set zero and slip boundary
condition is imposed.
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3.2. VALIDATION OF THE COMPUTATIONAL PROCESS:
As a preliminary study the Spallart-Allmaras method had been utilized, it can be
said that the Spallart-Allmaras one-equation turbulence model can be employed to
capture only the major changes in the surface pressure features along the surfaces of the
symmetric airfoils. The cambered airfoil possesses enough complexity in terms of its
feature for the turbulence model employed not to be used to capture sharp pressure
diversity such as stagnation pressure on the leading edge and the suction peak along the
suction surface (lower one in the inverted case). Consequently it was decided to use the
k-ε turbulence model as a two-equation turbulence model since the two equation model
provides more accurate results in comparison to the one-equation model, SpallartAllmaras model.
The validation process has also been carried out via the realization of a simulation
of the symmetric airfoil at zero angle of attack.

Figure 3.3: Pressure coefficient and velocity magnitude plots of NACA0015 at AOA=0
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The Figure 3.3 of pressure coefficient plots obtained from the simulation of the
airflow over NACA0015 symmetric airfoil can be used as well as the velocity magnitude
plots to verify the computational method utilized. The distribution of the value points of
the pressure coefficients on both the upper edge and lower edge should be conflicting
with fully agreement along the chord length due to the symmetry of the airfoil and the
absence of an angle of attack. Since the two curves are in very close agreement with only
negligible fluctuations in the region nearby the leading edge and with even more little
ones in the vicinity of the trailing edge, one can conclude that the turbulence method, the
scheme, and the algorithm chosen provided proper and applicable results from which
more conclusions can be drawn. The similar observation can be carried out on the plot
which depicts the velocity magnitude distribution of the same symmetric airfoil at zero
angle of attack.
3.3 RESULTS AND DISCUSSION:

a-)

b-)

Figure 3.4. Distribution of Pressure coefficient versus position along the lower and upper surfaces of
a-) NACA 0015 airfoil and b-) NACA 2414 airfoil at AOA=4 degree
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A qualitative evaluation of the comparison between the two airfoils was
conducted to have better understanding of whether a contribution exists via the cambered
airfoil to desired pressure distribution. The most outstanding contribution might happen
in the vicinity of the trailing edges because, significant flow phenomena such as
separations, transition to turbulence starts forming about the trailing edge and wake is
also generated in the downstream domain led by the trailing edge. Moreover some
significant airflow phenomena also occur about the leading edge such as suction peak and
stagnation pressure. Suction peak was defined as the value of maximum suction along the
lower surface of the inverted airfoil in [9] by Mahon et-al. Stagnation pressure may be
defined as a static pressure at stagnation point that is in the front of the leading edge
where the local velocity of the flow is zero thus the static pressure has its maximum
magnitude. Suction peak and subsequently stabilized surface pressure along the suction
surface of the NACA 0015 symmetric airfoil was captured as -1042Pa by the turbulence
model approximately at x/c of 0.027 as can be seen in Figure 3. Suction peak value of Cp
of the cambered airfoil was larger than that of the symmetric airfoil and appears at further
location in x direction over which the distribution of Cp smears away. A pressure
gradient on the suction surface of the NACA 0015 is in the inclination form in the
downstream of the leading edge whereas the pressure increase is more likely linear along
the suction surface of the NACA 2414 airfoil.
The distributions of the pressure coefficient values for the two airfoils appear to
be in close agreement along the pressure (upper) surface. They appear at the largest
values and begin a sharp decrease up to zero of Cps at the stagnation point; however the
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pressure declination of that of the cambered airfoil is sharper. One can realize that there
exists only a slight difference, as decreasing, between the Cp distributions of NACA 0015
and NACA 2414. However, on the suction surfaces, a large discrepancy occurs. The large
variety on the Cp distribution along the suction surface draws attention and a contribution
of the cambered airfoil in terms of higher magnitude of downforce (inverse lift) and more
stability can be presumed through this diversity. Therefore, the pressure difference
between the upper and lower surfaces of the symmetric airfoil is significantly less in
comparison to that of the cambered airfoil. Consequently, it is evident such that the
cambered airfoil causes more downforce than the symmetric one in the same angle of
attack of 4 degree as might be desired for the stability concern of the car.
Pressure gradient with respect to X position along the chord length of NACA0015
at angle of attack of 4o, in Figure 3.5, reaches the smallest value between 0.2-0.3 on the
upper edge at the speed of 50m/s. In the same interval of X position along the length, the
discrepancies also appear where the pressure value decreases as the airflow accelerates.
The pressure values at all speeds of airflow happen to meet about Cp of zero at X
position of 0.85 on both lower and upper edges where the turbulence flow starts to be
generated. The reverse pressure gradient phenomenon is also to start at the same time,
which forces the velocity magnitude to dramatically decrease. This phenomenon can also
be observed on the plot which demonstrates the velocity magnitude along the upper edge
of the same symmetric airfoil. The decrease in velocity and reversed pressure result in
separation and the boundary layer around the trailing edge turns into wake generated
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right behind the trailing edge. The thickness of the generated wake became larger as the
airfoils were set at the higher angle of attacks.

a-)

b-)

Figure 3.5. Distribution of Pressure coefficient versus position along the upper surfaces of a-)NACA 0015
airfoil and b-) NACA 2414 airfoil at AOA=4 degree

Since the airfoil is symmetric, one can see the same region at X position of 0.85
on the lower edge to be hosting the same reverse pressure gradient phenomenon however
the distribution of the pressure coefficient values are to be in different manner, gradually
increasing up to around zero value of Cp along the lower edge of the airfoil. The
difference in the magnitude between Cp along the upper edge and that along the lower
edge can also be obviously realized due to the sharp decrease of Cp
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a-)

b-)

Figure 3.6. Distribution of Pressure coefficient versus position along the suction surfaces of a-) NACA 0015
airfoil and b-) NACA 2414 airfoil at AOA=4 degree

value between the X position of 0.01 and 0.02 on the lower edge of NACA0015, which is
above called the suction peak.
The higher the speed of the air flow over both airfoils, the lower the pressure
along the chord length until the region nearby the trailing edge. The pressure values at
different speeds match about zero pressure in the vicinity of the trailing edge of the both
airfoils. The negative pressure values on the suction surface avail the airfoil to fulfill the
generation of the downforce that will be used for more stability when the car speeds up.
Inspecting Figure 6, one can observe that the pressure values are even lower up to ≈2500 Pa on the plot, which belongs to the cambered airfoil, NACA2414 when the car
speeds up to 50 m/s then this figure also shows that the cambered airfoils enable an
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aerodynamicist to obtain higher down-force by mounting a cambered rearwing behind
the car.
The analysis of velocity magnitude was assessed by the simulation over both
airfoils as well. As already mentioned on the discussion of the pressure diversity, the
velocity magnitude of the flow over the airfoils also varies as seen in Figure 6. As always
referred to Bernoulli equation while explaining the relationship between pressure and
velocity, also herein, the diversity in velocity can be explained through the same
relationship concluding that the change in velocity magnitude along the upper and the
lower edges is strongly related to the corresponding pressure change. Figure 6.a
highlights this concept, illustrating that the velocity increases on the pressure surface
while the velocity on the suction surface decreases up to the X position of 0.1 so that the
largest discrepancy appears in the upstream and gradually shrinks along the leading edge
of the symmetric airfoil down to the X position of 0.2. The velocity magnitude at that
point was captured as 26 m/s. The down-force was, as postulated, generated by the
difference in pressure, hence, indirectly by the difference in velocity i.e. the lower
velocity along the pressure side and the higher velocity along the suction side there exist,
the higher downforce can be generated. Therefore, the downforce was evaluated at its
highest value at the most front of the leading edge and decreases down to zero and since
the difference in velocity increases along the chord length as depicted on Figure 6.a, the
downforce also increases upto the trailing edge.
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a-)

b-)

Figure 3.7. Distribution of velocity magnitude versus position along the lower and upper surfaces
of a-) NACA 0015 airfoil and b-) NACA 2414 airfoil at AOA=4 degree

The feature of NACA0015 is more curved on the leading edge in comparison
to that of NACA2414; therefore the velocity of the airflow over NACA0015 is higher
than the velocity of the airflow over NACA2414, especially on the leading edge.
However, the discrepancy between the pressure and the suction surfaces of the cambered
airfoil is larger in comparison to that of the symmetric airfoil. As it can be concluded that
the downforce generated along the chord length of NACA2414 is higher, in most of the
region, with comparing to the downforce magnitude along the NACA0015. For instance,
the inverse lift (downforce) coefficient was assessed on the points in the vicinity of the
trailing edges of both airfoils. The data regarding downforce and drag coefficients are on
Table 3.1. Since the discrepancy became larger due to the camber; as a result, the
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cambered airfoils contribute better to the stability due to the generation of the higher
downforce.

NACA 0015 AOA=4°

NACA 2414 AOA=4°

Speed
CL

CD

CL

CD

1.586

0.403

1.67

0.598

[m/s]
30

Table 3.1. The data regarding drag and inverse lift coefficient of both airfoils with an angle
of attack of 4° at the speed of 30 m/s

The camber also results in, as can be obviously seen on the table, higher
drag coefficient which is not desired because it results in lower performance due to the
resistance against the airflow in road conditions. The higher drag may also be a cause of
lower fuel efficiency i.e. more gasoline consumption. This increase in drag coefficient
should also be taken into account with the sustainability concerns in design concepts and
one might consider the optimization with respect to drag and inverse lift coefficients.
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Figure 3.8. The distribution of the pressure coefficient along the airfoil NACA2414 at different angle of attacks
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AOA=0°

AOA=4°

AOA=8°

AOA=12°

AOA=16°

Figure 3.9. The distribution of the velocity magnitude of the airflow at different angle of attacks

As discussed earlier, the distribution of the velocity magnitude which can be
seen on the Figure 7 is symmetric on the both upper and lower edges of NACA0015 at
angle of attack of zero so that there exists no downforce along the chord length. At the
most front point of the leading edge in this zero AOA and symmetric airfoil case, the
stagnation pressure point where the velocity magnitude is zero can be obviously realized.
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The symmetry in the distribution of the velocity magnitude disappeared when
the AOA was switched to 4 degree. The stagnation point on the leading edge slid upright
as the wake thickness in the downstream led by the trailing edge was enlarged. The
improvement of the wake thickness is evidence that the separation which is still nearby
the trailing edge occurred earlier i.e. turbulence flow was generated earlier as compared
to the airfoil in the lower angle of attack. The velocity magnitudes are in very low levels
around the stagnation point on the leading edge and in the wake generated in the
downstream domain. Besides that, the velocity values remained at the highest level, as
expected, about the most curved region of the lower edge. The angle of attacks of the
higher values than 8 degree resulted in the distribution of velocity beyond the desires
such as lift force instead of downforce. The AOA up to 8 degree caused the generation of
downforce since the velocity distribution over the upper and lower edges differed from
one side to another. The separation started in the closer region to the leading edge as the
airfoil was set at over 8 degree and the airflow over the lower edge kept decelerating in
the bigger zone due to the growth of the wake in terms of length and thickness. This
phenomenon arisen by increase of AOA over 8 degree may result in lift force instead of
downforce as can be observed in Figure 9 and more obviously in Figure B3 in the
Appendix B. The same incidence that was called stall condition by Kieffer et-al in Ref.
10 might be observed on the demonstration of the cambered airfoil set at the
corresponding angles of attack. The same conclusion could be drawn regarding the
cambered airfoil since fundamentals of the incidences occurring in both cases should be
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the same eventhough the location or the sizes of the wake and velocity distribution might
be slightly different. (Appendix A)
3.4. CONCLUSIONS FOR TWO-DIMENSIONAL SIMULATIONS OVER THE
SYMMETRIC AND CAMBERED AIRFOILS:
The symmetric airfoil NACA0015 and NACA2414 are simulated at different
speeds and at different angles of attack through the commercial airflow simulation
software Fluent. The velocity and pressure distributions were obtained and plugged in the
plots shown; comparing the differences regarding the cambered feature and the
symmetric feature of two types of the airfoils. Consequently, first of all, the downforce
generated along the chord length of NACA2414 was higher, in most of the region, with
comparing to the downforce magnitude along the NACA0015. Second of all, because the
discrepancy became larger due to the camber; the cambered airfoils better contribute in
regard to stability due to the generation of the higher downforce which will affect the rear
axis of the car and make the cornering and speeding under better control.
The incidence of stall condition was explained via the contour plots that depict
velocity magnitude distribution. This phenomenon arisen from the increase of the angles
of attack of 8 and over 8 degree may result in lift force instead of downforce. The same
conclusion could be drawn regarding the cambered airfoil since fundamentals of the
incidences occurring in both cases should be the same.
The camber also causes higher drag coefficient which is not desired due to its
negative effect on performance because of the increased resistance against the airflow in
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road conditions. The higher drag may also result in more gasoline consumption. This
increase in drag coefficient should also be taken into account with the sustainability
concerns in design concept and one might consider the optimization with respect to drag
and inverse lift coefficients as a future work.

4. THREE-DIMENSIONAL ASSESSMENT OF CAMBERED AND
SYMMETRIC AIRFOILS AT VARIOUS ANGLES OF ATTACK
AND SPEEDS: A CFD STUDY

Negative lift (downforce) and drag force predictions have been evaluated through
three dimensional simulation of airflow over an anti-symmetric airfoil NACA2415 and a
symmetric airfoil NACA0015 by use of commercial software, COSMOFLO-WORKS
module of Solidworks. Firstly, the airfoil spanned by aspect ratio of 5 generated on
Solidworks as a 3-D geometric model of the inverted rearwing. A rear wing set at angle
of attack of 4, as an example, can be seen in the Figure 4.1. The boundaries of the
computational domain of 3-D models in size and in mathematical definition were set as
same as those of 2-D models in the project for the computational simulation of the wind
tunnel model.

42

Figure 4.1. Illustration of the 3-D inverted rear wing and the computational domain which
represents a wind tunnel.

Simulation continued until the convergence criteria were satisfied. The negative
lift and drag forces became unchangeable in iteration domain so that convergence
occurred and computation completed as seen in the Figure 4.2. Visualization of the
outcomes obtained from the simulation was observed to result in qualitative and
quantitative predictions. Table 4.1 includes the downforce (negative lift) and drag force
results for the both symmetric and anti-symmetric rearwings.
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NACA0015

NACA2415

Negative lift

-0.000153537

-0.000195883

Drag

0.00011287

0.000113073

Table 4.1. Negative lift and drag forces for NACA 0015 and NACA 2415

The downforce value for NACA0015 is lower as compared to that of NACA2415
due to the camber added as explained in the literature review section and also it is the
same conclusion as that drawn from the 2D simulations. The drag value did not
significantly change when the camber was added as seen in the Table 4.1.
Some of the consequences drawn from the comparison of the two types of
rearwings are also shown herein by some visualization of streamlines, distribution of the
vortex vectors and velocity vectors over the rearwing. The streamlines were observed, for
instance, in different manner about the tip of the rear-wing model from the spanwise of it,
which is so called tip vortices caused by swirling flow feature around the tip.
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Figure 4.2. 2-D plot that depicts negative lift and drag forces over the rearwing versus iteration

The difference between the flow feature nearby the tips and the rest of the
inverted rear-wing is depicted by use of two contour plots for pressure distributions, one
for pressure distribution on tip surface plane and the other is for pressure distribution on
half-span surface plane. The pressure distribution on semi-span surface plan is alike and
somewhat straightforward as the 2-D results of the pressure distributions as expected. As
can be observed in the Figure 4.4 of the distribution on the tip surface fictitious plane,
the pressure difference between the upper surface and the lower surface significantly
decreased as causing less downforce.

45

The pressure distributions along the upper and lower edges at the tip of the
inverted rearwings through a 2D plots for pressure vs length can be seen in Figure 4.3 as
well.

101400

NACA0015 [AOA4]

101350
Pressure (Pa)

101300
101250
101200
101150
101100
0
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0.0004 Length
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(m) 0.0008
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0.0012

NACA2415 [AOA4]
101450
101400
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101200
101150
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0.0002

0.0004

0.0006 0.0008
Length (m)

0.001

0.0012

Figure 4.3. 2D plot for pressure distribution versus length obtained from 3D simulations of airflows
over NACA0015 and NACA2415 inverted rearwings at angle of attack of 4
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The suctions peaks on both plots are similar with the pressure value of 101150 Pa.
No significant variation appear between the pressure distributions over the leading edges
of both symmetric and anti-symmetric rearwing tips but the variation begins to appear at
the region where the separation occurs and the variation between the pressure
distributions along the upper and lower edges of the tips of the both rearwing appears up
to the trailing edges. Moreover, the separations happen to be at different points on the
NACA0015 and NACA2415 rearwing tips.
The suction peak pressure is demonstrated as 101150 Pa at the stagnation point on
the leading edge. The pressure values were distributed in low variety on the edges at the
tip due to the flow there has a swirling feature.

a-)

b-)

Figure 4.4. Contour plots of pressure distribution on a-) the half-span fictitious plane b-) the wing-tip
fictitious plane.
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The best observation of the tip vortices and the vortex sheet can be made
through the vortex vector visualization obtained from the simulation in Figure 4.5.

Figure 4.5. Visualization of tip vortices and vortex sheet.

Figure 4.6 Contour plot of velocity distribution obtained from the simulation of airflow over the
NACA2415 cambered inverted rearwing.
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Figure 4.7. Visualizations of the streamlines generated by simulations of airflows over the
NACA2415 and NACA0015 shown respectively
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4.1. CONCLUSIONS FOR THREE-DIMENSIONAL SIMULATIONS OVER THE
SYMMETRIC AND CAMBERED AIRFOILS:
The swirling features of the airflows over the both symmetric and cambered
rearwings were explicitly depicted by the three-dimensional simulations using the
commercial software, CosmoFloWorks bySolidworks. The airflow feature, so called tip
vortices and the other feature, vortex sheet, resulted in decrease in terms of downforce.
Since the length scale of the tip vortices is larger for the cambered rearwing compared to
that for the symmetric one, the downforce on the cambered rearwing more decreases due
to the tip vortices than the downforce on the symmetric rearwing i.e. the larger tip
vortices were generated, the more the downforce decreases due to the tip vortices. The
decrease in the downforce can be prevented as a feature work by an aerodynamicist
designer using end plates that prevent the airflow from shedding at the tips of the
rearwings.
The downforce generated by use of 3-D cambered inverted rearwing set at angle
of attack of 4o was %27.58 higher in comparison to that of 3-D symmetric rearwing at the
same angle of attack. Although, the drag force affecting on the cambered rearwing also
became %10 higher, which is not a desired increase for an aerodynamicist designer
concerning to have better efficiency in terms of fuel consumption. The other concern of
better stability could be sufficiently satisfied by adding the camberness possessing
significantly higher downforce beside the handicap arisen from the increase of the drag
with the camberness. An optimization between the stability and the fuel efficiency i.e.
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between the drag forces and the dowforces on the symmetric and the cambered inverted
rear-wings should be pursued in a future study.
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APPENDIX A:
CONTOUR PLOTS THROUGH THE k-ε TURBULENCE MODEL

a-)

b-)

Figure A1 : Contour plots of a-) dynamic pressure b-) velocity magnitude of NACA2414 at AOA=0

a-)

b-)

Figure A2 : Contour plots of a-) dynamic pressure b-) velocity magnitude of NACA2414 at AOA=4

a-)

b-)

Figure A3 : Contour plots of a-) dynamic pressure b-) velocity magnitude of NACA2414 at AOA=8
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a-)

b-)

Figure A4 : Contour plots of a-) dynamic pressure b-) velocity magnitude of NACA2414 at AOA=12

a-)

b-)

Figure A5 : Contour plots of a-) dynamic pressure b-) velocity magnitude of NACA2414 at AOA=16
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AOA=0°

AOA=4°

AOA=8°

AOA=12°

AOA=16°

Figure A6: Contour plots of dynamic pressure of NACA0015 at different angle of attacks
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APPENDIX B
CONTOUR PLOTS VIA THE SPALLART-ALLMARAS TURBULENCE MODEL

AOA=0°

AOA=0°

AOA=4°

AOA=4°

AOA=8°

AOA=8°

a-)

b-)

Figure B1: Contour plots of a-) dynamic pressure b-)velocity magnitude of NACA0015 at different
angle of attacks
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Figure B2: Contour plots of velocity magnitude of NACA2414 at different angle of attacks
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Figure B3: Pathlines of NACA2414 at different angle of attacks
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Figure B4: Plots for pressure coefficient of NACA2414 at different speeds through Spallart Allmaras
turbulence model
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